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Influence of glomerular filtration rate on the rate of
para-aminohippurate secretion by the rat kidney:
Micropuncture and clearance studies
DIETER HABERLE with the technical assistance of A. OBER and G. RUHLAND
Institute of Physiology, University of Munich, Federal Republic of West Germany
Influence of glomerular filtration rate on the rate of para-
aminohippurate secretion by the rat kidney: Micropuncture and
clearance studies. Net secretion rate of para-aminohippurate
(PAH) in the proximal convolution of the rat kidney changes
concomitantly with single nephron glomerular filtration rate(GFR) and intratubular flow rate. Reabsorption of PAH in the
proximal convolution is negligible. The PAH concentration
profile along the length of the proximal convolution does not
change markedly with variations in GFR. Net PAH secretion by
single nephrons, measured at the end of proximal convolutions,
is about one-half that measured at the beginning of distal con-
volutions and in final urine. As in the entire kidney, at constant
renal plasma flow and concentration of PAH, renal secretion
rate of PAH also changes concomitantly with GFR. It is con-
cluded that PAH secretion along the loop of Henle (i.e., prob-
ably along the pars recta) is also related to single nephron GFR,
as is PAH secretion in the proximal convolution.
Influence du debit de filtration glomdrulaire sur le debit de
secretion du para amino hippurate par le rein de rat. La secretion
nette de para amino hippurate (PAH) dans Ic tube contourné
proximal du rein de rat vane en même temps que Ic debit de
filtration glomérulaire du néphron (GFR) et le debit de liquide
intratubulaire. La reabsorption de PAH dans le tube contourné
proximal ne change pas de facon nette quand GFR vane. La
secretion nette de PAH par chaque néphron, mesurée a Ia fin du
tube contourné proximal, est environ Ia moitié de celle qui est
mesurée au debut du tube contourné distal ou dans l'urine
definitive. Du fait que pour l'ensemble du rein Ia secretion de
PAH change en méme temps que GFR, quand le debit plasma-
tique renal et Ia concentration de PAH sont constants, ii est
conclu que Ia secretion de PAH le long de l'anse de Henle
(probablement Ic long de Ia pars recta) est elle aussi en rapport
avec GFR, comme dans Ic tube proximal.
The classical concept of the renal secretion of para-
aminohippurate (PAH) suggested by Shannon [1] and
Smith [27] implies that each proximal tubule cell
possesses a limited number of PAH transporting sites.
As the concentration of PAH in the blood is increased,
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transport sites become occupied progressively until
saturation is achieved. The rate of secretion of PAH
(IPAH) when all sites are occupied defines the so-called
TmPAH, the maximal transport rate.
Some observations gained from clearance experi-
ments, however, indicate that the PAH secretion rate
changes concomitantly with the glomerular filtration
rate (GFR) in both unsaturated and saturated condi-
tions of the transport system [3—6]. Furthermore, the
results of certain micropuncture investigations [7—9]
are contradictory and do not explain the clearance
data.
In microperfusion experiments, Deetjen and
Sonnenberg [7] found evidence for a transport me-
chanism in which the PAH transport rate was limited
by the intralumenal PAH concentration. The trans-
port rate was thus dependent on tubular perfusion
rate, but independent of the perfused length. These
findings could explain a dependency of transport rate
on GFR [3—6], but could not be confirmed by Tanner
and Isenberg [8]. These authors found net PAH trans-
port at high intralumenal concentrations along the
entire proximal tubule without any correlation be-
tween transport rate and single nephron glomerular
filtration rate (SNGFR). Perfusing isolated rabbit
proximal tubules, Tune, Burg and Patlak [9] also
failed to find a concentration-limited PAH transport
rate.
To resolve these discrepancies, we studied trans-
tubule PAH fluxes in segments of rat proximal tubule.
The SNGFR of these nephrons was varied by perfus-
ing the loop of Henle at varying rates, a procedure
known to influence SNGFR via glomerulotubular
feedback [10]. Since the pars recta of the proximal
tubule was involved in the loop perfusion, its contribu-
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Rat Tub. No. PPAH Site TF/PIN TFPAH SNGFR "TFpAH TPAR GFR
mmoles/liter % mmoles/liter ni/mm moles/mm moles/mm mi/mm 'g of
length ,1012 .1012 kidneywt
I 1 0.57 20.0 1.78 1.18 40.2 26.6 3.7 0.88
2 0.58 40.0 2.10 1.80 46.0 39.4 12.7 0.91
3 0.58 40.0 1.88 1.62 41.3 35.6 11.6
TIE 1 0.46 9.3 1.25 0.60 44.3 21.5 0.89 1.60
2 0.48 47.0° 1.65 1.43 31.0 26.9 12.0
5 0.50 47.00 1,80 1.53 33.3 28.3 11.6 1.60
6 0.50 16.7 1.38 0.79 28.7 16.4 2.0
7 0.50 6.7 1.56 0.74 35.6 16.88 —0.9
[4d 0.58 28.0 1.78 1.04 27.0 15.0 0.14 1.05
[5 0.58 28.0 1.84 1.34 41.3 30.1 6.1 0.89
[8 0.59 36.7 1.98 1.18 41.3 24.6 0.8
17 0.59 36.7 1.53 1.18 24.1 18.6 4.4 0.86
VI 1 0.58 36.7 1.69 1.30 32.2 24.8 6.12
[3 0.59 53.00 2.09 2.08 31.0 30.85 12.56
14 0.59 53.0 3.13 2.27 25.8 18.7 3.47 1.42
VII [1 0.43 54,70 2.67 1.43 46.5 24.6 4.9 1.40
12 0.43 54.7 2,64 1.43 7.0 3.8 0.79
[3 0.43 16.7 1.91 0.65 39.5 13.44 —3.5 1.50
14 0.43 16.7 1.66 0.55 15.3 5.07 —1.5
[5 0.43 40.0 2.50 1.04 64.0 26,6 —0.9 1.57
16 0,43 40.0 2.24 1.30 9.0 5.22 1.3
VIII [1 0.46 11.7 1.33 0.81 27.5 16.7 4.0 1.29
12 0.46 11.7 1.48 0.83 11.5 6.4 1.11
[3 0.48 477° 2.46 2.50 34.0 34.5 18.2 1.19
14 0.49 47.7 2.43 2.57 25.8 27.3 14.6
[5 0.56 9.7 1.19 0.83 39.0 27.2 5.4
16 0.57 9.7 1.06 0.74 23.0 16.06 2.72
7 0.59 50.9° 1,67 2.55 1.15
IX [5 0.55 1.51 0.97 46.4 29.8 4.28 1.30
16 0.55 1,72 1.04 21.7 13.1 1.16
XI 1 0.60 56.0 2.48 2.78
2 0.60 60.0 3,18 3.70
3 0,62 36,0 2.10 2.55
4 0.63 22.7 1.31 0.94
XII 1 0.50 30,6 1.77 1.72
2 0.53 20.0 1.43 1.02
4 0.57 50.7 2.64 2.22
5 0.58 60.0 2.87 3.93
IX [1 0.78 2.93 1.74 26.1 15.5 —4.8 0.95
12 0.78 2.81 1.60 23.4 13.3 —4.95
V [1 0.38 1.38 1.02 32.7 24.2 11.8 0.98
12 0.38 2.07 0.97 22.6 10.6 2.01
3 0.37 37.3 2.07 1.30 35.6 22.3 9.18 1.25
4 0.36 37.3 4.96 1.25 18.9 4.76 —2.0
VI [7 0.66 50.0° 2.07 1.94 34.4 32.3 9.6 1.42
[8 0.67 50.0 2.09 1.97 12.6 12.0 3.6
X [1 0.30 46.7° 2.56 1.30 25.3 12.8 5.21 1.01
12 0.30 46.7 3,33 1.72 9.2 4.7 1.94
[4 0.37 40.0 2.01 0.79 29.8 11.7 0.7 1.13
15 0.39 40.0 1.64 0.93 38.8 21.7 7.03
O All data have been rounded off after calculation.
b PFAH: PAH concentration in plasma water, TF: tubular fluid concentration, V x TFFAII and V x UPAH: quantity of PAH excreted!
mm, TPAH: amount of PAH secreted/mm, In: inulin, SNGFR: single nephron glomerular filtration rate, GFR: renal glomerular filtra-
tion rate, c': urine flow rate, U: concentration in urine, UpAH/U/PIfl is the excretion of PAH/U of glomerular filtrate.
° Late proximal samples.
Experiments marked by brackets are repuncture experiments; the numbers in italics were obtained during perfusion of the loop of
Henle with Tris =Ringer's solution.
Table 1. Single nephron and entire kidney clearance
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U/Pin ' UPAHj7p 'c'. T?AH
Ll/min mmoles/liter
moles' 10-
mm 'g of kidn
6
ey wt
202
208
3.8
3.8
1.17
1.20
1.03
1.09
0.52
0.56
287 5.4 1.11 1.78 1.04
246 6.2 1.20 1.92 1.15
196
203
4.5
3.6
1,32
1.34
1.39
1.19
0.78
0.67
204 3.5 1.60 1.38 0.87
259
266
4.3
4.9
1.25
1.04
1.77
1.46
0.93
0.85
300 4.7 1.01 1.52 0,87
299 4.9 1.06 1.66 0.99
190 6.5 1.24 1.60 1.00
213 5.2 1.31 1.56 0.98
168
221
6.25
6.2
1.65
1,26
1.90
1.64
1.20
0.92
191 5.2 1.42 1.35 0.61
220 4.5 1.01 0.99 0.64
214 5.85 1.06 1.33 0.86
259 4.3 1.20 1.70 0.77
306 3.2 0.69 0.70 0.39
318 3.4 0.65 0.73 0.32
tion to PAH transport had to be estimated indirectly
[9]. This was done by comparing PAH transport rate
in the entire kidney and in single proximal convolu-
tions under conditions in which GFR varied spontane-
ously. This procedure seemed justified, since reab-
sorption of PAH along the nephron was found to be
negligible during the chosen experimental conditions
[11]. The studies were performed at less than satura-
tion transport rates in order to minimize the error in
calculated PAH secretion which would be introduced
by a large filtered load of PAH.
Methods
Animal preparation. Male Wistar rats weighing
between 200 and 300 g were anesthetized by i.p. injec-
tion of 120 mg/kg of body wt of mactin (sodium salt of
5-ethyl-5- [1 -methyl-propyl]-2-thiobarbituric acid; Pro-
monta, Hamburg, Germany). Body temperature was
maintained at 38°C by a heated operating table. The
trachea was cannulated and the right external jugular
vein was catheterized for infusion of PAH solutions.
The right femoral artery was catheterized in order to
sample blood and measure arterial blood pressure.
The left kidney was exposed by a flank incision, dis-
sected free of perirenal fat, immobilized in a plastic
cup containing 3g/100 ml of agar solution and bathed
with mineral oil at 38°C. The left ureter was cannu-
lated at the renal hilus and ligated distally so that the
bladder received urine only from the right kidney.
Micropuncture experiments, a) Micropuncture of
tubules for measuring inulin clearance and FAH secre-
tion rate of single nephrons. Using single proximal
convolutions (see Table 1) inulin and PAH clearances
were determined from the flow rate of tubule fluid and
tubule fluid-to-plasma (TF/P) ratios. Net transport
rates of PAH in these tubule segments were calcu-
lated as the difference between the excreted (x CP,H)
and the filtered load of PAH (SNGFR x PPAH, see
Analyses). For this purpose superficial tubules were
punctured in the usual way [12] and blocked beyond
the inserted pipet with castor oil containing Sudan
black and saturated with water. Immediately after the
tubule had been blocked, all tubular fluid was col-
lected for 10- to 1 5-mm periods. Collection of samples
was timed with a stop watch. In order to study the rate
of PAH secretion of the same proximal tubule at high
and low filtration rate, we made use of the observation
of Thurau and Schnermann [13], that SNGFR is
modified by a feedback control at the juxtaglomerular
apparatus. During perfusion with isotonic Ringer's
solution, nephron filtration rate decreases significantly
with an increase in perfusion rate. This effect is re-
versible within a few minutes [10].
data for inulin and para-aminohippurate b
Final urine
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In 13 of the 15 experiments (see Table 1), net PAH
secretion rate of proximal tubule segments was deter-
mined first at high and then at low SNGFR. For this
purpose, the flow through the loop of Henle was in-
terrupted and the collection of proximal tubule fluid
was performed as described above. Then, after re-
moval of the collection pipet, the ioop of Henle of this
nephron was perfused from a late proximal tubule seg-
ment using a microperfusion pump (Hampel, type II)
[14]. The perfusion rate was between 20 and 30 ni/mm.
Tris-Ringer's solution (see Infusions and solutions)
was used for perfusion. For ten minutes glomerular
filtrate was allowed to escape through the original
puncture site, which was proximal to the oil block,
before tubule fluid was collected again.
The accuracy of quantitative re-collection of tubule
fluid from repunctured tubules was checked by perfus-
ing 15 proximal tubule segments with the solution:
110 mmoles/liter of NaCl, 80 mmoles/liter of mannitol
and a trace of '4C-inulin, and collecting this fluid
twice from the puncture site. Re-collection rates
averaged 98.7 7.0% (mean SD) of the initial collec-
tion. Inulin concentration was 94.2±7.0% (mean
SD) in the first collection and 95.6 3.7% (mean SD)
in the second collection. Both values are percentages
of the inulin concentration in the original perfusion
solution which was delivered to the punctured tubules.
These values do not differ statistically.
b) Free-flow measurements. In four rats, samples
were withdrawn from 15 proximal and 14 distal
tubules over periods ranging between 5 and 15 mm
under free-flow conditions (see Fig. 5). To minimize
aspiration of tubule fluid distal to the sampling, only
1 to 3 ni/mm of tubule fluid was collected. To identify
early distal tubule segments, 20 to 30 l of a solution
(10 g/100 ml, pH 7.4) of lissamine green (Chroma,
A.G., Stuttgart) was injected i.v.
c) Measurements of 3H-PAH reabsorption. In nine
rats, 26 proximal segments were perfused with an
"equilibrium solution" (see Infusions and solutions).
The perfusion rate was maintained at 25 1.5 ni/mm
by means of a perfusion pump [14]. The concentration
of PAH in the perfusion solutions was varied between
1.76 and 5.69 mmoles/liter to permit kinetic analysis of
3H-PAH reabsorption.
d) Tubule transit time. Before the animals were
killed, tubule transit time was measured by i.v. injec-
tion of 20 to 30 i of a solution of lissamine green
(10 g/100 ml, pH 7.4). Experiments were accepted only
if the transit time from glomerulus to early distal sur-
face segments was less than 30 sec.
e) IdentUlcation of puncture site. After each collec-
tion of tubule fluid, the micropuncture site was marked
by intralumenal injection of latex. After the animal
was killed, both kidneys were removed and weighed
and the punctured kidney macerated in 30% HC1 at
80°C for 20 mm. The puncture site, length of the per-
fused segment and distance from glomerulus to be-
ginning of the pars recta were measured with an ocular
micrometer. For distal tubules, distance of puncture
site from the macula densa was estimated.
Clearance measurements. In all experiments (except
that in Table 2), clearances of PAH and inulin in the
exposed left kidney were determined. Depending on
urine flow, clearance periods varied from 2 to 15 mm.
Urine volume was estimated by weight, assuming a
specific gravity of 1.00. Arterial blood (200 .d) was
sampled either at the midpoint or at the beginning and
end of each clearance period. In 24 clearance periods
on 15 rats (see Table 3), renal venous blood was
sampled by puncturing the vein of the exposed kidney
close to the hilus with a micropipet (tip diameter, 50 ii).
Renal plasma flow (RPF) was calculated from PAH
clearance divided by extraction ratio (EPAH).
Infusions and solutions. During surgical preparation,
the rats were infused with a Tris-Ringer's solution
containing 5 mmoies/liter of Tris-(hydroxymethyl)-
aminomethane, 140 mmoles/liter of NaCl, 5 mmoies/
liter of KCI and 2 mmoles/liter of CaC12 at pH 7.4.
The infusion rate varied between 0.3 and 0.6 ml/l00 g
of body wt/hr. This solution was also used for perfu-
sion of single loops of Henle (see Micropuncture
experiments).
After completion of surgery, the Tris-Ringer's solu-
tion was replaced by a PAH solution (Nephrotest,
Casella Riedel, Frankfurt/Main) containing 2 to 5 g/
100 ml of polyfructosan (mutest, Laevosan Geseil-
schaft Linz) and about 150 mmoles/liter of sodium
PAH. The infusion rate was 0.6 mi/hr 100 g of body
wt. Infusion solutions were freshly prepared before
each experiment. Contamination of Nephrotest and
sodium PAll with p-aminobenzoic acid (PAB) could
not be detected using direct spectrophotometric assay
(maximal absorbance of PAB at 265 nm, of PAH at
278 nm). Extraction of solution of PAH of 0.46 m-
moles/liter (Nephrotest), with and without ether, re-
sulted in colorimetric recoveries of 93 7.6% and
100 2.4% (N= 24), respectively.
For the perfusion of single tubule segments, an
equilibrium solution was prepared which contained
110 mmoies/liter of NaCI, 45 mmoles/iiter of mannitol,
1500 mg/liter of lissamine green, 4 mmoles/liter of
KCI, 2.4 mmoles/liter of CaCl2, 20 mmoles/liter of
TES -buffer (Tris - (hydroxymethyl)-methyl-2- amino-
ethane sulfonic acid: Serva, Heidelberg). The actual
sodium concentration of this solution was determined
by flame photometry to be 117 mEq/liter; the pH was
between 7 and 7.2; and osmolarity, between 295 and
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Table 2. Unidirectional efflux of para-aminohippurate from the proximal convoluted tubulea
Rat No. PPAH Perf dist Localization CFAHb
Perf sol
TF(X)PAR
PerfPAE 100
TF(X) TO
X 100
Perf1,,
Perf10
mmoles/liter mm % length mmoles/liter % %
I 0.36
0.42
4.0
1.0
1.76
1.76
97.78
101.23
91.35
86.64
III 1.11
1.33
1.5
1.65 42—60
2.13
2.13
91.00
87.61
95.0
98.4
IV 0.11
0.167
0.26
0.39
0.48
0.25
0.9
1.0
0.7
0.5
43—54
52—60
54—60
2.10
2.10
2.10
2.10
2.10
101.64
100.93
101.62
109.40
96.00
100.0
106.0
99.33
94.16
99.3
VI 0.90
0.90
0.90
0.94
0.94
1.1
1.7
0.4
0.7
0.75
38—60 1.92
1.92
1.92
1.92
1.92
96.50
95.00
97.10
97.80
98.80
110.0
104.0
109.3
103.5
107.5
VII 1.18
1.09
0.83
1.7
0.5
1.0
28—48
41—49
39—52
2.20
2.20
2.20
93.70
92.00
95.00
108.0
99.6
107.0
Mean SD 0.72 0.38 2.0± 0.14 101 6.7
II 0.47
0.53
0.58
2.5
2.0
0.65
37—59
53—60
3.98
3.98
3.98
100.28
91.20
99.00
90.0
92.6
91.7
V 0.35
0.33
0.35
0.8
45—49
51—60
5.69
5.69
90.00
95.30
98.9
96.1
VIII 0.78
0.79
3.45
1.45
22—60
27—43
4.67
4.67
78.00
91.00
93.0
91.0
IX 1.12
1.20
0.25
1.5
56—60 3.42
3.42
98.00
96.00
99.0
94.0
Mean±so 0.68±0.3 4.39±0.86 94±3.3
a Late tubular segments were perfused under conditions of zero net fluid reabsorption.b CPAU refers to PAH concentration in the perfusion solution; TF(X>/Perf refers to PAH or inulin ratio between the concentration in the
collected perfusate and perfusion solution; PPAH: PAH concentration in arterial plasma water.
Table 3. Renal transport rate (TPAH) and para-aminohippurate extraction ratio (EPAH) at different glomerular filtration rates (GFR)0b
Group N GFR
ml
mm
.gofkidney wt
TPAH
moles x 106
min.g of kidney wt
FF
°/
EPAH—FFPAR
%
PPAH
mmoles/liter
RPF
ml
min.g of kidney wt
a 13 0.9±0.14 1.57±0.15 22±3.9 44±8 0.88±0.1 4.1±0.32
b 11 1.23±0.13 1.74±0.09 28±3.2 52±7 0.83±0.19 4.25±0.37
P<0.oola P<0.05 P<0.001 P<0.01 P>0.1 P>0.1
a Group a: GFR from 0.62 to 1.04 ml/min.g of kidney wt; group b: 1.04 to 1.57 ml/min.g of kidney wt. All values are means±sD.b PPAfl: PAH concentration in arterial plasma water, FF: the renal filtration fraction, RPF: renal plasma flow rate (renal PAH-
clearance EPAH), FFPAB: the filtered amount of PAH as a fraction of renal PAH load. Hence, EPAR — FFPAH is that proportion of renal
PAH extraction due to tubular transport.
Level of significance of difference between values for groups a and b.
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303 mOsm/liter. Before the experiment, 14C-inulin
(Inulin-carboxyl acid-'4C, Amersham, Buchier) and
H-PAH (p-amino-benzo-glycine-2-3H; Amersham,
Buchier) were added to the solution. In addition, non-
radioactive p-aminohippuric acid (Merck) was added
to the perfusion solution. This resulted in a total PAH
concentration in the perfusate between 1.76 and 5.69
mmoles/liter. Specific activity of the solutions was
adjusted so that the counting rate (cpm) of '4C-isotope
was about three times the background cpm (70), and
3H cpm about five times that of '4C cpm.
Analyses. a) Macroanalyses. Blood and urine
samples were deproteinized with 0.33N perchloric
acid. By this procedure all protein-bound PAH was
released. PAH and inulin concentrations determined
after this procedure were corrected for an assumed
water content of plasma of 94%.
PAH was determined using the method' of Bratton
and Marshall [15]. Specificity of this method was
tested by recovery studies using rat plasma; in vitro
recovery of PAH at a concentration of 0.525 mmoles/
liter was 99.18±4.18% and was comparable to a re-
covery of 100.2±2.2% from Tyrode's solution at the
same concentration (N= 10 in both cases). In all ex-
periments, the symbol "PPAH" refers to concentration
of PAH in plasma water, assuming that 10% of PAH
[16] is bound to circulating proteins.
Inulin was analyzed by the anthrone method of
Huger, KiUmper and Ullrich [17]. Since this method is
not specific for inulin, the recovery of a 60 mg/ 100 ml
solution (the mean plasma concentration in all ex-
periments) from Ringer's solution without glucose,
from Ringer's solution containing 7 mmoles/liter of
glucose [18] and from rat plasma was measured. Re-
coveries were 101.9 3% (N=24), 112.5 2.5% (N= 8)
and 115 5%, respectively (N= 60,6 different plasmas).
Analyses of an aqueous solution of inulin resulted in a
value of 100 2.5%. Inulin concentrations in plasma
water were corrected accordingly.
b) Chemical microanalyses. PAH and inulin were
measured in tubule fluid volumes of 3 ni by the
methods described above. The PAH micromethod was
modified by using a nitrite concentration twice that
used for macroanalyses.
Spectrophotometric measurements were carried out
in a 1 l cuvette [19] using a spectrophotometer (Zeiss,
PMQ II).
c) Radiochemical analyses. To measure isotope
activity in tubule fluid samples, 0.5 ml of hyamine
hydroxide 10— X (Packard) was pipetted into a count-
ing vial (PVC) and 14 nl of sample fluid was diluted in
0.02 ml of double-distilled water. The scintillation
fluid (10 ml) consisted of 800 ml of toluene, 200 ml of
absolute ethanol p.a., 7 g of PPO and 300 mg of
POPOP. Radioactivity was measured in a spectrom-
eter (Packard Tricarb, Type 3320). Quenching was
found to be constant in all measurements. Energy dis-
criminator settings were determined frequently since
they were not stable. The ratio of 3H-PAH in tubular
fluid to perfusion medium was divided by the ratio of
'4C-inulin in tubule fluid to perfusion medium. This
correction was performed in order to eliminate any
errors due to pipetting or transepithelial water move-
ment during the perfusion (see Table 2).
Statistical calculations. Linear regression analysis
was performed using the method of least squares [20].
Mean values were calculated with standard deviations.
Student's t test was used to test significant differences
between compared values [20].
Results
Table 1 summarizes micropuncture data obtained
from experiments on 35 proximal convolutions to-
gether with clearance data for the total kidney. Inulin
clearance was 1.20±0.25 ml/min/g of kidney wt
(mean SD) and PAH clearance was 2.85 0.70 ml!
min/g of kidney wt (mean N2l).
Secretion of PAH in the proximal convolution at
varying SNGFRs. In Fig. 1 the net secretion rate of
PAH is plotted against tubule length. The diagram
contains all data of Table 1 in which SNGFR and
puncture site could be determined. When the values
are grouped according to the level of SNGFR, it is
apparent that at a SNGFR greater than 30 nI/mm
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Fig. 1. Quantity of para-aminohippurate (PAH) secreted/mm
(TPAH) as a function of proximal tubular length at varied single
nephron glomerular filtration rate (SNGFR). (s): SNGFR
higher than 30 nI/mm (mean: 38.2 nI/mm); (0): SNGFR
smaller than 30 nI/mm (mean: 20.9 nI/mm). PPAH: 0.5 0.09 m-
moles/liter.
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(38.2 5.2 nI/mm, mean SD, N= 19), the amount of
PAH transported by the tubule epithelium is signi-
ficantly higher than at a SNGFR below this value
(20.9 7.4 nl/min, SD, N= 16). The mean kidney wt
in this series was 0.91 g (± SD); mean PPAH was
0.50 0.09 mmoles/liter. Only the slope of the regres-
sion line using the high SNGFR values is significantly
different from zero.
Fig. 2' shows the effect on mean tubule PAH con-
centration of experimental alterations in SNGFR
achieved by perfusion of the ioop of Henle with Tris-
Ringer's solution. Perfusion of the loop of Henle re-
sulted in a fall of SNGFR from 37.2 9.7 nI/mm to
19.7 8.4 nl/rnin (± SD), a fall to 57 30% (± SD). De-
spite this large fall in SNGFR, TFPAH remained con-
stant (106 15% of control, SD) during perfusion.
Since TF/PI also remained constant (control: 2.01
0.50; perfusion: 2.10 0.65; SD), fractional reabsorp-
tion of fluid in the proximal tubule was not signi-
ficantly affected. That may be also implied from the
fall of volume flow at the puncture site to 57 36 of
control (± SD).
Fig. 3, a and b, depicts the concentration profile for
PAH along the proximal convoluted tubule. This
figure contains the data from those experiments in
which PFAH lay between 0.43 and 0.63 mmoles/liter
(mean, 0.53 0.06 mmoles/liter, SD). As intralumenal
PAH concentration is a function of glomerular filtra-
tion and tubule secretion of PAH, both of which de-
pend on PPAH [1—3], a genuine concentration profile
should be constructed at constant PPAH. Since this is
impracticable, as small a range as possible was chosen
arbitrarily. It is apparent that reduction of SNGFR
and tubular flow rate did not markedly influence the
PAH concentration profile along the length of the
proximal convolution, whether corrected for the re-
absorbed volume (TFPAH/TF/PIfl) or not (TFPAn).
Reabsorption of PA H in the proximal convolutions.
The data on 3H-PAH reabsorption in the proximal
tubule in the absence of net volume reabsorption are
summarized in Table 2 and Fig. 4. This figure shows
the change in 3H-PAH concentration ratio as a func-
tion of perfusion distance. The data are subdivided in-
to two groups according to the level of PAH concen-
tration in the perfusion fluid (2.00±0.14 and 4.39±
0.36 mmoles/liter, mean SD, respectively). The per-
fusion rate was 25 nI/mm. The mean diameter of the
perfused segments was l9.6±5.3x l0 mm. Animals
were loaded with unlabelled PAH, which resulted in
plasma concentrations of 0.68 0.30 mmoles/liter
(± SD), which is similar to the range of PAfl of the
findings shown in Table 1. The slopes of the lines are
.=:
3
2
F-
0
With sodium
Free flow chloride into
loop of Henic
Fig. 2. Single nephron filtration rate (SNGFR), FAH concentra-
tion in the collected tubular fluid (TFPAH) and the concentration
ratio of inulin in tubular fluid and plasma water (TF/P1,) before
(left-hand values) and during (right-hand values) perfusion of the
loop of Henle with Tris-Ringer's solution. The values during per-
fusion were obtained from the same puncture sites as the control
values. These data are marked in Table 1 by brackets.'Experiment of Table. 1 marked by brackets.
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not statistically different and do not differ from zero
(P>0.l). The mean fractional reabsorption rate cal-
culated from the slopes of these lines is only 0.02/mm
of tubular length.
Secretion of PA H in the proximal convolution and of
the entire kidney. A comparison between secretion
rates for PAH as measured simultaneously at an end-
proximal puncture site and in final urine (experiments
III, 5; VI, 4, 7; VII, 1; VIII, 3; X, 1 in Table 1) yields
information about the contribution of proximal
tubules to the excretion of PAH by the entire kidney.
The plasma concentration of PAH ranged between
0.30 and 0.66 mmoles/liter (0.49 0.11, mean SD,
N— 7). The length of the proximal convolution (with-
out pars recta) was 5.70 0.45 mm for a mean kidney
wt of 0.9 0.1 g (SD). Assuming that this distance
represents 70% [211 of the entire proximal tubule (in-
cluding pars recta), the late proximal puncture site was
identified as being at 49.4 3.2%( SD) of proximal
tubule length. Up to that site, 10.4 4.2 x 1012 moles!
mm of PAH ( SD) was secreted. This is only 42± l2%
(± SD) of the mean single nephron PAH secretion rate
of 25.5 x 10— 12 moles/mm. This rate was determined
by dividing the mean kidney secretion rate of PAH,
0.77 x 10 moles/mm, by the number of neph-
rons, 30,000 [22], assuming a homogenous distribution
of PAH secretion among the nephrons. This low proxi-
mal PAM secretion cannot be explained by a low super-
ficial SNGFR as compared to juxtamedullary neph-
rons. When PAM secretion rates of the proximal con-
volution and the entire kidney are related to their re-
spective GFRs, again only 50.6 I 5.0% (mean SD)2 of
2 (TFFAH/PPAII 1 /UPAH/PPAH_ \ x 100
k TF1/P10 I U,,/P1 I
V
A
100
50
I d 2000
x
A
log y = —0.006Ix+ 1.9942
logy = —0.0178x + 1.9939
Perfusion distance
/ S
•
V•
V
A
0 I 2 3 4mm
Fig. 4. Reabsorption of 3H-PA H in the proximal convoluted
tubule, expressed as percentage decrease in activity of the perfu-
sion solution as a function of perfusion length. These values were
measured under condition of zero net fluid reabsorption.
•: values obtained using total PAH concentration in the perfu-
sion solution: 2.00 0.14 mmoles/liter; 0: values obtained
using PAH concentration in perfusion solution: 4.39 0.86 m-
moles/liter.
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Fig. 3, a and b. Concentration profile for PA H in proximal con-
voluted tubule before (3a) and after (3b) correction for reabsorbed
volume (TFFAH/TF/PsS) at FPAH between 0.43 and 0.63 mmoles/
liter. I: repuncture values, obtained at the same nephron
puncture site. A: control values, : values obtained during
perfusion of the loop of Henle. In Fig 3a, two regression rela-
tionships were calculated: The broken line was calculated by
assuming a linear function of TFPAH on tubular length (Y =
0.039X+0.216). The solid line was calculated by assuming that
TFPAH varies exponentially with tubular length (Y=0.531.
eo267x). In Fig. 3b, linear regression was used and the line cal-
culated to be Y=0.OIX+0.4202. All slopes are significantly
different from zero (P< 0.00 1).
the entire kidney PAH secretion can be accounted for
by secretion of superficial proximal convolutions.
Fractional secretion of PAH up to late proximal and
distal convolution and by the entire kidney. Secretion
rates for PAH per GFR as measured simultaneously at
the end of proximal convolutions in distal convolu-
tions and in final urine are shown in Fig. 5. Measure-
ments were done under free-flow conditions on four
animals. Without obstruction of intralumenal flow,
proximal PAH secretion also does not account quanti-
tatively for the entire kidney secretion rate, in contrast,
all secreted PAH found in the final urine is present in
early distal tubule fluid. At a plasma PAH concentra-
tion of 0.54±0.06 mmoles/Iiter (± SD, range: 0.43 to
0.63 mmoles/liter), which is identical to that of the
experiments shown in Table 1, PAH secretion up to
the end of the proximal convolution amounts to 110
50% of the filtered PAH load. Up to the distal con-
volution, 270 46% of the filtered load was present,
which was similar to that in the final urine (276 1 5).
Only the end-proximal values are statistically different
from final urine values.
Secretion rate of PA H of the entire kidney at constant
preglomerular renal load and varying GFR. Dependency
of PAH secretion on GFR at constant RPF and PPAH
—i.e., constant preglomerular renal PAH load—was
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investigated in clearance experiments. These results
are summarized in Table 3. Filtration fraction was cal-
culated from both the relation GFR/RPF and the
inulin extraction ratio. Only those experiments were
accepted in which these two estimates agreed within
I 0%. In specimens of 24 clearance periods obtained
from five rats, GFR varied spontaneously between
0.62 and 1.50 ml/min g of kidney wt. According to the
level of GFR, two subgroups were formed: group a
with a GFR of 0.90±0.14 ml/min g of kidney wt
(± SD) and group b with 1.23 0.13 mI/mm g of kidney
wt (±sD). It is apparent that PAH secretion rate at
high GFR is larger (l.74±0.09x 10-6 moles/mm g of
kidney wt, than at low GFR (1.57±0.15x 10
moles/mm g of kidney wt, SD). When TFAH of both
groups are plotted against their corresponding GFRs,
a common linear regression line is obtained with
Y=O.45X+ 1.13. The correlation coefficient is 0.68.
The slope is significantly (P<0.01) different from zero.
From this regression line it can be seen that when GFR
falls by 50, TPAII is reduced by about 30. Since in
both groups, RPF was comparable and the changes in
filtration fraction were accounted for primarily by
changes in GFR, renal PAH extraction fraction (EPA11
and EPAa — FFPAH) correlate directly with GFR under
these experimental conditions.
Discussion
Correlation between SNG FR and unidirectional
PAH secretion rate in the proximal tubule. The present
findings show that the concentration profile for PAH
along the proximal convolution of the rat kidney is not
influenced by changes in SNGFR. Since fractional
volume reabsorption in the proximal convolution is
also independent of SNGFR (Fig. 2), it follows from
the data presented in Fig. 1 that the net secretion rate
of PAH in the proximal convoluted tubule varies
directly with SNGFR.
From the data in Table 1 and Fig. 5, it follows that
the proximal convolution secretes approximately 40
to 50% of the PAH present in the distal convolution
and final urine. This finding agrees with the in vitro
studies of Tune et al [9] which suggest that most of the
remaining 50 to 60°,/ is transported by the pars recta.
The parallel relationship between PAH transport rate
by the individual proximal convolution and SNGFR
and between the whole kidney PAH transport rate and
GFR (Table 3) implies a similar correlation in the
pars recta.
Permeability studies demonstrate that the net secre-
tion rate is practically identical with unidirectional
PAH influx because the effiux of PAH from the proxi-
mal tubule cell was found to be negligible. This follows
2.0-
1.5
1.0
0.5
L
.
E
E
a
I .1
Fig. 5. Increase of PA H concentration due to tubular secretion
along the nephron, measured in end-proximal segments, in distal
tubules and in final urine. Lines connect values measured on the
same kidney.
0 I
End-proximal Distal Final urine
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from the low permeability (1.06 x l0 cm/sec) calcu-
lated from the data in Fig. 4 and Table 2, using the
equation of Capek et al [23]. Similarly low values for
the proximal tubule were also reported by Tune et al
[9] in isolated rabbit tubules, by Deetjen and Sonnen-
berg [7] using a microperfusion method and by Baines,
Gottschalk and Lassiter [11] using the single nephron
injection technique. The discrepancy, however, be-
tween the value (4 to 6 x 10 cm/sec) of Sonnenberg,
Oelert and Baumann [24] and our own value is mostly
due to different methods of calculation [25]. Compari-
son of these values also demonstrates that permeability
for PAH is the same whether net water reabsorption of
tubule is suppressed ([7, 24] and present data) or not
[9, 11]. This low proximal permeability together with
the low permeability for PAM in the distal tubule [11]
indicates that the amount of PAM present in the tubule
fluid and final urine probably matches the amount of
PAM filtered and secreted.
Tanner and Isenberg [8] were not able to demon-
strate an interrelationship between PAM secretion rate
and proximal tubule flow rate, although fractional
volume reabsorption in their preparation was inde-
pendent of SNGFR. From their micropuncture data
they concluded that the net transport rate for PAM is
constant at a given P?AH despite variations in SNGFR
and intratubular flow rate. As fractional volume re-
absorption was constant, in their experiments a con-
stant tubular PAM secretion rate should result in an
inverse relationship between PAM concentration in
tubule fluid and intralumenal flow rate. Mowever, if
their data are grouped according to the level of
SNGFR (TPAH at SNGFR> 30 nI/mm vs. TPAH at
SNGFR <30 nl/min), it becomes apparent that the
PAM concentration in tubule fluid is not inversely
correlated to SNGFR and tubular flow rate. Mence,
their data are difficult to interpret but do not disprove
our conclusion that PAM transport rate varies with
SNGFR. On the other hand, in the clearance data of
Tanner and Isenberg from experiments performed on
the same kidneys, a direct relationship can be calcu-
lated between PAM transport and GFR at plasma con-
centrations between 1.07 and 1.78 mmoles/liter (Pc
0.05). This finding is in good agreement with our data.
Correlation between GFR and PAl-I secretion rate in
the whole kidney. From the regression line of the data
presented in Table 3, it can be calculated that renal
PAM secretion rate at a given renal plasma flow and
plasma concentration of PAM fell by about 30% when
GFR was reduced by 50%. Under similar conditions
in the single proximal convoluted tubule, TPAH de-
creased by approximately 50%. The same propor-
tionality is found in clearance experiments using a
saturated PAM transport system [3]. The discrepancy
between the data obtained from the entire kidney in
Table 3, and from the single proximal convolution, is
explicable if filtration fraction (FF) of the kidney and,
hence, peritubular PAM load are taken into account.
Tubular PAM secretion rate appears to be greatly in-
fluenced by the peritubule PAM concentration. This
follows from studies performed on isolated tubules [9,
26] which demonstrated that the tubular PAM secre-
tion rate is determined by intracellular PAM concentra-
tion which in turn depends on extracellular PAM con-
centration. Since in the intact kidney at constant RPF,
the interstitial volume can be assumed to be constant,
peritubule PAM concentration is determined primarily
by the plasma PAM concentration and secondarily by
the FF which determines the peritubule plasma flow.
Peritubular PAM concentration will also be dependent
on the rate of tubular extraction by secretion which in
turn depends on the GFR. If, at stable PAH and RPF,
GFR decreases due to a fall in FF, then peritubular
plasma flow and, hence, peritubular PAM load will be
increased correspondingly. Mowever, the amount of
PAM extracted from the peritubule blood by tubular
secretion will be less because of the decrease in GFR
(Table 3). This leads to the situation in which pen-
tubule PAM concentration is less diluted by reabsor-
bate and less diminished by tubular extraction than at
high FF. Therefore, the relatively higher penitubule
PAM concentration compensates, at least in part, for
the effect of decrease in GFR on TPAH. This depen-
dency of TrAil on FF can also explain the correlation
described between EPAB (EPAH —FFPAH) and FF [27—
29]. That this correlation is indeed due to a change in
cortical secretory function and not in medullary blood
flow can be concluded from experiments of Nissen [30]
on cats. Me observed a reduction in EPAH in superficial
and deep cortical areas during the infusion of albumin
or mannitol, a procedure which also reduced renal
filtration fraction [28].
Interpretation of the relationship between TrAil and
GFR. a) The influence of postglomerular load. In this
study the relation between PAM secretion rate and
GFR in single nephrons was observed, during altera-
tions in SNGFR achieved by perturbation of the
glomerulotubular feedback control mechanism as de-
scribed by Thurau and Schnermann [13]. If this
mechanism works by a constriction of the afferent
arteriole, a variation of SNGFR by the feedback con-
trol could be accompanied by a concomitant variation
of postglomerular blood flow and, hence, postglomer-
ular load of PAM for this nephron. The observed
variation of PAM secretion rates in a single nephron
might be due to the variation of the postglomerular
PAM load. Such a mechanism assumes, however, that
the peritubule blood flow to each superficial nephron
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is derived exclusively from the glomerulus of that ne-
phron. Such an interrelationship has yet not been
demonstrated. Furthermore, clearance studies [3] have
shown a strong correlation between TmPAH and spon-
taneously varying GFR (0.50 to 1.57 ml/min/g of
kidney wt) under conditions of transport system satura-
tion. These findings argue against the above hypo-
thesis as an explanation of our results.
b) Relationship between net PAH secretion and intra-
tubular volume flow rate. As Fig. 2 demonstrates, varia-
tion of SNGFR was accompanied by a concomitant
change of intralumenal flow rate. Deetjen and
Sonnenberg [7] proposed that the factor limiting PAH
secretion by the proximal tubule is the PAH concentra-
tion in the intratubular fluid. This implies that the
PAH transport rate is correlated to intralumenal
volume rate, as is also observed in our experiments.
However, the experimental results on which Deetjen
and Sonnenberg based their hypothesis are incon-
sistent with our results and with those of others [8, 9,
16]. In their studies [7] proximal tubular PAH secre-
tion was restricted to a segment of less than 100 s
length at the beginning of the perfused tubule segment.
In addition, they observed cessation of net PAH
secretion at a mean PAH concentration of 2.4 mmoles/
liter in the intralumenal fluid. These findings of
Deetjen and Sonnenberg [7] may in part be due to the
use of unbuffered solutions, containing lissamine
green. In our preliminary microperfusion studies, in
which buffered lissamine green solutions were used,
PAH secretion continued along the entire perfused
segment, and up to PAH concentrations of 5 mmoles/
liter in the intralumenal fluid. Further, Grantham and
Irwin [31] found an even higher PAH concentration,
39 mmoles/liter, in the intralumenal fluid, in isolated
perfused straight proximal tubules of the rabbit. A
further increase in PAH concentration was obscured
by the simultaneous net fluid secretion, which was
osmotically dirven by the continuing PAH secretion.
c) Relationship with isotonic reabsorption rate. In our
studies the direct correlation between PAH secretion
in the proximal convolution and the SNGFR was a
corollary of the correlation between SNGFR and
volume reabsorption in the proximal tubule. Hence,
the correlation between SNGFR and PAH secretion
at any point along the proximal tubule, which leads to
the constant longitudinal PAH concentration profile
in the proximal convolution, may indicate that the
secretory flux of PAH is linked to a mechanism, which
adjusts the tubular reabsorption of solutes and volume
to SNGFR. Assuming such a functional interrelation-
ship, our data are compatible with those of Tune et al
[9] gained from perfusion of the isolated proximal
tubules. They found neither PAH secretion rate nor
volume reabsorption rate [32] to be dependent on in-
tratubular flow rate. Thus, our data are at the moment
best explained by the assumption of a functional inter-
relationship between the mechanism of PAH secretion
and that of isotonic volume reabsorption.
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